Abstract-Implications of conducting hardware-in-the-loop testing of a specific hydrokinetic turbine on controllable motor-generator sets or electromechanical emulation machines (EEMs) are explored. The emulator control dynamic equations are presented, methods for scaling turbine parameters are developed and evaluated, and experimental results are presented from three EEMs programmed to emulate the same vertical-axis fixed-pitch turbine. Although hardware platforms and control implementations varied, results show that each EEM is successful in emulating the turbine model at different power levels, thus demonstrating the general feasibility of the approach. However, performance of motor control under torque command, current command, or speed command differed. In a demonstration of the intended use of an EEM for evaluating a hydrokinetic turbine implementation, a power takeoff controller tracks the maximum power-point of the turbine in response to turbulence. Utilizing realistic inflow conditions and control laws, the emulator dynamic speed response is shown to agree well at low frequencies with numerical simulation but to deviate at high frequencies.
Evaluation of Electromechanical Systems
Dynamically Emulating a Candidate Hydrokinetic Turbine impractical and expensive. While prototypes are often designed to evaluate the hydrodynamic performance of device concepts, electrical power take-off (PTO) components and control systems are often set aside until the final stages of development. Recent work has shown that these critical constituents cannot be developed in isolation from the rest of the system as they strongly influence the dynamics of the converter [1] . Due to the difficulty of field testing, it is desirable to replicate the dynamics of a hydrokinetic turbine in a laboratory such that the fully integrated converter, including PTO and controls, may be developed and validated more easily. Such testing is useful for commercial entities developing hydrokinetic systems to demonstrate performance of their prototypes at technology readiness levels of 4 and 5 or stages 2 and 3 of the International Energy Agency Development guidelines [2] , [3] . Electromechanical emulation machines (EEMs) used to emulate the dynamics of rotating bodies have been in service for wind energy research for many years. These machines are typically used to evaluate novel control strategies regulating performance of wind energy converters with nonspecific properties and outline how the dynamics of a turbine can be modeled and emulated with an electric machine [4] - [10] . Due to the similarity of the physics between wind and hydrokinetic energy conversion, wind turbine emulators have been used to evaluate control strategies for hydrokinetic turbines [11] . However, literature regarding how to translate the characteristics of a specific turbine operating in realistic conditions to the emulation framework is lacking; for example, thorough investigation of the effects of emulating a turbine with a high power rating on machines of significantly lower rating is untreated. Appropriate scaling of a turbine's power output and the resource driving the emulation is necessary to maintain an accurate link between a proposed full-scale turbine and its emulated equivalent.
This work demonstrates how a proposed hydrokinetic turbine can be emulated with the intent to mimic the conditions this turbine would encounter in the field as accurately as possible, including a grid connection and the use of realistic power take-off components and control strategies. The dynamic performance of the emulated turbine should thus ideally be repeatable and independent of the hardware the emulation is performed on. As every EEM is constructed of differently sized, controlled, and configured components, demonstrating the success of the emulation technique can be accomplished by performing dynamic emulation of the same proposed turbine on different EEMs. This 'round robin' style of investigation helps to validate laboratory techniques and machines and has the goal of improving the quality of prototype testing. Similar multi-facility evaluation through the Marinet program is ongoing [12] . Additionally, this work treats, compares, and discusses various scaling techniques that could be used to align the torque and speed (and thus, power) output of a proposed full-scale hydrokinetic turbine to what a laboratory scale EEM is capable of achieving, an aspect of PTO-integrated testing previously untreated in literature. These include hydrodynamic scaling techniques often used in the prototyping of systems that interact with flow. The applicability of two such methods is evaluated in terms of their utility for scaling the power output of a hydrokinetic turbine PTO as another original contribution. Finally, the emulation technique is compared to dynamic simulation of the same turbine under turbulent water flow conditions and maximum power point tracking (MPPT) control to highlight a typical use case and to show how emulation may differ from simulation.
Three laboratories have developed EEMs capable of emulating the dynamics of generic rotating prime movers, and consequently, are suitable to emulate hydrokinetic turbines: Sandia National Laboratories in the United States, Tecnalia in Spain, and MaREI-Beaufort in Ireland. Each emulator is designed for an end user to input a mathematical model of a wave, current, or wind converter, specify resource input conditions and a control algorithm or load, and produce detailed feedback from various sensors. In this work, the three EEMs are programmed to emulate the same hydrokinetic turbine -an openly-accessible reference model that was previously emulated on the Sandia emulator [13] , [14] .
Descriptions of the three EEMs are given in the next section. In Section III, the hydrokinetic turbine reference model is presented. In Section IV, the dynamic equations governing emulator control are developed, and different scaling techniques for conserving the system time constant, maintaining Froude similarity, and maintaining Reynolds number similarity are examined. Experimental and simulation results are reported in Section V. Specifically, an initial experiment investigates the performance of the machines to determine if the effects of different generator types, power levels, control schemes, and grid connections across the EEMs affect general agreement in the dynamic response of the three EEMs. Next, an effect of Froude scaling the turbine and resource is evaluated in hardware using the Tecnalia EEM. Finally, realistic input conditions and a relevant MPPT control algorithm are implemented on the MaREI-Beaufort machine to demonstrate a typical use case for the development of a PTO controller on an EEM. A discussion of the results is provided in Section VI and conclusions are presented in Section VII.
II. ELECTROMECHANICAL EMULATION MACHINES
The objective in the design of each of the three EEMs discussed was to create a platform to emulate the dynamics of power systems which include rotating or oscillatory motions. Each system is comprised of the same basic components: a motor and associated control electronics acting as the emulated system or prime-mover, a generator coupled to the motor with associated control electronics, an electrical load, and an array of sensors and monitoring components to measure mechanical and electrical quantities of interest. For loading, the generated electrical power is either dissipated in a resistive load or returned to the grid. For each machine, the prime-mover side was designed for an end user to provide a mathematical model of the system to be studied. Likewise, a user is able to specify a control law or parameters regarding loading on the generator side. The EEMs are built with different individual components, varying in capacity, inertia, and control methods. A general schematic of the EEM layout is shown in Fig. 1 , and each emulator implementation is described in detail below. Relevant parameters for each EEM implementation are introduced and summarized in Section IV.
A. Sandia National Laboratories SSMTB EEM
Sandia National Lab's Secure Scalable Microgrid Testbed (SSMTB) EEM consists of a Baldor three-phase, four-pole variable speed 11.2 kW induction motor as a prime-mover coupled to a 10-kVA 28-pole Georator 36-013-1 permanent magnet generator (PMG) rated for 1714 rpm [14] . The prime-mover is driven by a commercial ABB ACS800 motor drive which is capable of providing direct torque control (DTC). This system can realize a commanded torque in less than 5 ms and with less than 1% error when the system is properly calibrated and uses a speed encoder. This system does not include a flywheel or a torque sensor.
The emulator controls consist of a linear discrete-time generator torque estimator and a nonlinear torque calculation for the prime-mover. The controller and estimator are implemented on a National Instruments NI 3110 platform. The interface with the motor drive is developed in LabVIEW, and the NI 3110 communicates with the motor drive using Modbus/TCP protocol. The control and estimator equations are developed in Matlab and implemented on the NI 3110 using LabVIEW's Mathscript RT toolkit.
B. Tecnalia Electrical PTO Test Bed EEM
The prime mover of Tecnalia's electrical PTO Test Bed is composed of a 15 kW four-pole squirrel cage induction motor (SCIM) from Leroy-Somer rated at 1460 rpm and deltaconnected 400 V / 50 Hz which allows peak power up to 28 kW, corresponding to a maximum speed of 3000 rpm. It is driven by a UMV4301 controller from the same manufacturer that follows torque and speed commands with a 5 ms response time. A real-time digital-to-analog board runs device numerical models programmed in a development computer controlling the motor. A flywheel of 1 kg-m 2 is positioned on the shaft between the prime mover and generator. The inertia can be virtually increased up to 8 kg-m 2 . The PTO side is composed of an ABB 11 kW squirrel-cage induction generator rated at 768 rpm at 400 V and an ACS800 back-to-back power converter from ABB connected to an isolated grid and a resistive load bank. A programmable logic controller (PLC) communicates with the controller via a serial interface and controls the converter by executing a state machine sequence which commands the initialization of the equipment, allows the operation of the device, handles errors and deals with survivability issues [15] . Actual power is produced during the normal operation state when control strategies such as a simple torque/speed proportional plus integral plus derivative (PID) controller or a more efficient and optimized control scheme are applied [16] .
C. MaREI-Beaufort 'Conn' EEM
MaREI-Beaufort's 'Conn' EEM's prime-mover is a LeroySomer LSMV 180LU three-phase, four-pole variable speed 22 kW SCIM rated for 1467 rpm and includes a speed encoder. The motor is controlled with a Leroy-Somer Unidrive SP 33T 3404 PWM motor drive configured to allow for closedloop speed or current control. The drive communicates with a Mitsubishi Q-Series PLC and Melsec GXWorks2 software through a PROFIBUS interface. This configuration requires programming the drive in PLC structured text format which has limited high-level mathematical functionality. The back end of the motor shaft is coupled to a five-position gearbox and flywheel to allow variable inertia up to 8 kg-m 2 . The motor is coupled to the generator through a Kistler 4502A rotary torque sensor rated for 500 Nm.
The generator is a Leroy-Somer FLSB 225M three-phase, four-pole wound-rotor 22 kW induction generator with a rated speed of 1472 rpm. Access to the rotor windings is available through a slip ring. By altering the connections of the rotor windings, the generator can be configured to behave like different generator types [17] . The generator is optionally coupled directly to the grid operating at 400 V/50 Hz, to the grid through back-to-back AC/DC drives in a regenerative mode, or connected to a resistive load bank to dissipate power as an isolated or islanded system. The generator is controlled in regenerative mode with a motor drive identical to the prime-mover side. The drive is operated with the same PLC interface, allowing userspecified control of the generator with either closed-loop speed or current control achieved with a proportional plus integral (PI) controller internal to the drive.
III. EMULATED SYSTEM: US DEPARTMENT OF ENERGY REFERENCE MODEL 2 HYDROKINETIC TURBINE

A. Turbine Description and Dynamic Model
The device chosen for validation of the EEMs was the US DOE RM2 hydrokinetic turbine [13] . The rotor is a threebladed vertical-axis cross-flow fixed-pitch design rated for 50 kW at 2 m/s with a power extraction area of 31 m 2 . The turbine's size and power output is small in comparison to megawatt-scale commercial utility prototypes, but is representative of the actual scale suitable for use in a riverine environment [13] . No generator type or grid connection is specified. A characteristic curve (Fig. 2) relating the rotor's non-dimensional speed or tip-speed ratio (λ),
where ω t is the turbine angular velocity in rad/s, R t is the turbine radius, and u is the undisturbed mean free-stream water velocity at turbine hub height, to its non-dimensional kinetic power efficiency or coefficient of performance (C P ),
in which P t is the turbine mechanical power and P u the kinetic power of the flow, was determined off-line in a turbine hydrodynamic simulator called CACTUS [13] . The turbine and kinetic power are given by
where τ h is the hydrodynamic torque, ρ the density of water, and A t the rotor projected area, along with the characteristic curve enable the determination of τ h given a rotation rate and inflow velocity,
which is a nonlinear function of λ. Turbine parameters designed to prevent cavitation and intended operation in channel flows at rated speed of 2 m/s result in a system with a low rotation rate. A gearbox of ratio N gb was added to proportionally increase speed and decrease torque at the generator. The velocity dynamic of the turbine was modeled with the first-order differential equation relating angular acceleration, effective moment of inertia, J eff , from both the turbine (J t ) and PTO (J pto ), τ h , parasitic torque present in the system as indicated by a damping coefficient, B eff , and τ c , the control torque applied to the turbine as a result of loading from the PTO (τ pto ),ω
Effective system damping is assumed to arise primarily from the gearbox as frictional losses from bearings are estimated to be low. The effects of added mass and the acceleration of fluid entrained by the turbine were considered higher-order constituents of the turbine dynamics and were not included in the model. Numerical values of designed turbine and estimated PTO parameters are presented in Table I [14] .
B. Numerical Simulation
Numerical simulation of the reference turbine over a range of operating conditions was performed in the MATLAB/Simulink environment as a basis for the expected behavior of the turbine. An upstream velocity time series and initial rotation rate were required inputs to the model. At each time step, the simulation used the turbine performance curve, implemented as a 2D lookup table taking ω t and u as parameters, returning a value of τ h from (5). A subsequent value for ω t was computed from (6) using the ode45 numerical integration scheme for discrete time simulation with variable step size. For specifying the turbine control torque from the PTO, τ c , was a model input and could be constant, based on a control law, or input as a time-series.
C. Scaling Considerations
As the EEMs considered have a lower rated power than the reference turbine, the system must be appropriately scaled. Two options for turbine emulation were considered: scaling to maintain the full-scale system time constant at the appropriate power level or scaling to maintain geometric and hydrodynamic similarity at the appropriate power level. The former method was accomplished by applying a scaling factor (γ) to each of the torque, damping, and inertia terms on the right hand side of (6). This method ensured that the time constant of the scaled turbine was identical to the full-scale version [14] . The value of γ was defined as the ratio of EEM rated power to turbine rated power, γ = P e,rated P t,rated (9) and, due to the above considerations, scaled down the emulated turbine torque, but maintained consistent rotation rate. From inspection of (5), utilizing the same performance curve and inflow velocity for the scaled turbine resulted in the scaling factor ultimately reducing the height of the rotor while maintaining its other characteristics. Prototype MHK systems are often scaled to maintain both geometric similarity and aspects of hydrodynamic similarity to best represent relevant flow physics [18] . As an alternative to scaling with γ, relevant turbine and channel dimensions were scaled by a factor to maintain geometric similarity (κ),
Hydrodynamic similarity can be achieved by maintaining a non-dimensional quantity of importance to fluid flow constant across both scales. Relevant quantities for the case of a hydrokinetic turbine were the Reynolds number (Re), an indication of the strength of inertial forces in the flow relative to viscous forces, and the Froude number (Fr), an indication of the strength of inertial forces in the flow relative to gravitational forces. These quantities were defined as
where L is a turbine characteristic length, μ the viscosity of water, h is the depth of the water channel in which the turbine operates, and g is acceleration due to gravity. Re and Fr similarity cannot be achieved simultaneously while also maintaining geometric similarity. Scaling to maintain Re resulted in turbine dimensions multiplied by κ and flow velocity divided by κ. As the scale coefficient was <1 by definition, scaled velocity increased, while scaled lengths decreased. Since the power produced by a turbine is proportional to u 3 and L 2 , Re scaling resulted in a scaled turbine power equal to κ −1 -times greater than full-scale for the same working fluid. Re scaling for a physical prototype is often difficult to achieve due to the requirement of proportionally higher fluid flow rates. However, maintaining a similar Re across test scales may be important for maintaining properly proportioned hydrodynamic lift and thrust forces. In the case where similarity cannot be maintained, modifying the turbine geometry to perform similarly at lower Re is an option [18] . Additionally, it has been demonstrated that for certain turbine geometries, performance becomes independent of Re above a certain threshold [19] . Scaling by Re was not conducted for the analysis herein.
To achieve Fr similarity, experimental and turbine parameters were scaled according to the factors in Table II which can be derived by setting κ and matching quantities so that Fr remains constant. The value of κ for each EEM was determined by matching the final scaled value of rated power to that achieved through scaling with γ such that,
Fr scaling allows for experimentation at a smaller scale under similar open channel hydrodynamic conditions. Assuming a full-scale channel depth of roughly twice the height of the rotor (≈10 m) and flow speeds between 0.7 m/s and 2 m/s, the range of Fr was 0.1 to 0.2. Power rating, inertia, damping coefficients and scale factors for each of the EEM implementations are summarized in Table III .
D. Virtual Gearbox Application
The high torque and low speed characteristics of the reference turbine required additional manipulation for compatibility with the EEMs. This was accomplished through the application of a virtual gearbox so that,
where ω e is the rotation rate of the EEM, τ g is the EEM generator torque, and N v is the virtual gearbox ratio. N v was set to a value of 5.91 to align the base speed of the SSMTB EEM with the rated speed of the turbine PTO [14] . This ratio was maintained during testing on the other EEMs for ease of comparison. While the use of a virtual gearbox is an idealization, it is the result of attempting to emulate much larger, slower systems on conventionally sized, general purpose electromechanical machines.
E. Emulator Prime Mover and Generator Control
The prime-mover for each of the EEMs was an SCIM regulated with a PWM variable-speed motor drive. The SSMTB EEM drive utilized DTC; the Conn and Tecnalia drives each had the option of controlling motor speed or current as prescribed by an external controller. A method for prime-mover torque control was developed for use on the SSMTB using DTC and subsequently modified for use on the Conn and Tecnalia EEMs as a current control scheme using a custom current/torque calibration. The emulator torque command (τ m ) was determined using the dynamic equation for an EEM, with speed response defined asω
where J e is the emulator's moment of inertia and B e is the emulator's damping coefficient. By substituting (14) and (15) into (6) and (16), τ m was solved for, (17) which represents the EEM's own torque requirement, plus an additional term to account for the emulated turbine's torque requirement at a higher inertia. For the SSMTB EEM, a time-series of u values prescribed the model input. From these, τ h was determined using (5) with C P computed using a polynomial fit to the data obtained from CACTUS, τ g was computed using an online estimator, and a torque command was computed using a discrete-time version of (17) and sent to the motor drive at each time step [14] .
To investigate the performance of speed regulation, closedloop speed controllers were implemented on the Conn and Tecnalia EEMs with the speed commands computed from (14) . For the Conn EEM, a discrete-time version of (6) was implemented in PLC structured text code with a tabulated version of the turbine performance curve. Linear interpolation was used to solve for τ h from (5). As with the SSMTB, a time-series of u values prescribed the model input, and τ g was obtained from the generator control function block. The Matlab/Simulink model of the turbine was implemented in real-time with the same inputs as the simulation for both speed and current/torque control of the Tecnalia rig.
As an initial test of the EEM dynamic response, the SSMTBs permanent magnet generator was connected to a three-phase resistive load (R load ) set to a constant value of 12.15 Ω per phase. A generator voltage constant (K v ) and efficiency (η g ) were computed using nameplate information to be 0.67 V-s/rad and 0.93 respectively. The total expected PTO power (P pto ) was
from which an expected generator torque was calculated. The EEM was programmed to emulate the reference turbine with time constant scaling to evaluate its dynamic response to a step change in inflow velocity from 0.85 m/s to 1.05 m/s. The same loading profile of (18) was subsequently used to specify τ g for comparative testing on the Conn and Tecnalia EEMs to demonstrate the effects of different EEM size, layout, and control methods. The Conn and Tecnalia EEMs both employed induction generators connected to the grid through back-toback inverter drives. The generator-side drive applied a current to the stator windings corresponding to the commanded torque based on calibration of the generator torque/current characteristics. Emulator speed and torque measurements (torque feedback was unavailable on the Tecnalia EEM) with prime-mover current/torque control were compared to results from simulation of the EEMs and from previously reported results of the SSMTB EEM [14] . The same stepped velocity test was then repeated on the Conn and Tecnalia machines using closed-loop speed control. Turbine parameters were scaled to maintain the full-scale time constant for these tests. Differences in EEM behavior using time constant and Froude scaling were evaluated on the Tecnalia test rig. Tests were conducted with static velocity inputs ranging from 0.7 m/s to 1.1 m/s for the prime-mover under the PTO loading conditions of (18) . Inputs and turbine parameters were scaled according to the factors in Table II . Power output was measured at the emulated turbine rotation rate for each inflow speed. Dimensional power curves were created by modeling the turbine's expected power output over a range of R load in (18) and scaling by γ and then κ for comparison.
Subsequently, to demonstrate a realistic use case, a maximum power-point tracking (MPPT) nonlinear control law was implemented on the Conn EEM where
in which λ * is the tip-speed-ratio corresponding to the maximum C P of the turbine. A velocity input time-series with simulated current-stream turbulence around a mean flow of 1.1 m/s with a 0.01 sec. resolution generated with turbulence simulator TurbSim was used to evaluate the performance of the EEM with MPPT control under realistic conditions [20] . Turbine parameters were scaled to maintain the full-scale time constant for this test.
IV. EMULATOR TEST RESULTS
A. Evaluation of EEM Dynamic Capabilities
A comparison of the dynamic response to a step increase in velocity (rise in emulator speed) with the Conn and Tecnalia EEMs under current/torque control is presented in Fig. 3 . The rise and settle time series of the three emulators were compared to dynamic simulation results and those of emulation on the SSMTB. All three EEMs maintained the same virtual gearbox ratio and thus had the same target speed.
The Conn and SSMTB machines overshot the target steadystate speed by 6.6% and 1.5% respectively while the Tecnalia machine undershot by 0.2%. The 10%-90% rise times of the SSMTB, Tecnalia and Conn machines were 0.98 sec., 1.10 sec. and 1.20 sec. respectively, while the rise time given by simulation was 1.43 sec. The difference in EEM scale can be seen in the time series of prime-mover torque, which shows measurements from a torque sensor for the Conn machine and a torque estimate computed by the motor drive for the SSMTB EEM. Fig. 3 . EEM response to step change in inflow velocity with loading of (18) Tecnalia / Conn EEMs using current/torque control. Fig. 4 . EEM response to step change in inflow velocity with loading of (18) Tecnalia / Conn EEMs using speed control.
Under speed control, the Conn and Tecnalia emulators were able to closely track the target speed (Fig. 4) . In this mode, prime-mover torque was not determined by the turbine mathematical model but rather by the motor drive PI speed control loop. The Tecnalia and Conn EEMs both reached target speed within 0.1% with rise times of 1.35 sec. and 1.15 sec., respectively. The dynamic and steady-state speed response of these EEMs were thus improved with speed control. Increased torque chatter observed in this mode from measurements on the Conn EEM is likely due to the aggressive proportional gain used to achieve fast tracking. The general agreement of the mean torque measurement with simulation indicated the turbine was being emulated correctly in this mode. Each machine appears to follow the simulation, with the Conn EEM running at roughly twice the steady-state torque of the SSMTB, corresponding to doubling the scale factor and accounting for the higher damping and inertia of the Conn machine. The results suggest that both speed command and torque command modes are valid methods for turbine emulation. Speed regulation resulted in improved agreement with the simulated emulator speed but increased torque ripple on the Conn EEM. The SSMTB machine, which used DTC, demonstrated better agreement with simulation in torque response but greater error in the speed response. In general, the speed performance of the DTC-controlled emulator is likely to be more sensitive to parameter variation, i.e. variations in B e . These performance trade-offs are intuitive and may be considered according to the experiment objectives.
Having compared the results of dynamic emulation for the Conn and Tecnalia EEMs against the SSMTB and simulation results, further experiments concerning EEM functionality were conducted on the Tecnalia and Conn machines using closed-loop speed control.
B. Comparison of Scaling Techniques
Dimensional power curves for the full-scale and scaled, emulated turbine on the Tecnalia test rig highlight the effects of the scaling methods (Fig. 5) . Time constant scaling maintained the shape and speed characteristics of the full scale turbine at smaller scale, reducing the magnitude of turbine torque. The selected loading profile from (18) resulted in emulation at rotation rate to the right of the maximum power point at each speed. Fr scaling the turbine resulted in power curves that were Fig. 6 . Simulated turbulent inflow and turbine speed response using (19) . Fig. 7 . Power spectral density of turbine speed response using (19) . expanded and shifted towards higher rotation rates. Under the same loading conditions as the time constant scaled tests, the Tecnalia emulator rotated at equivalent turbine rates further to the left, closer to the maximum power point.
C. Emulation with Simulated Turbulence and MPPT Control
A 50 sec. turbulent inflow velocity time-series was used as the input for evaluating the effectiveness of testing control algorithms on the Conn EEM with time constant scaling. The MPPT control law of (19) was implemented to prescribe the torque load produced by the generator. The velocity input and equivalent emulated and simulated turbine speed (14) over a 6 sec. window are shown in Fig. 6 .
The input included slow variations in the mean flow and faster, turbulent fluctuations. Both the simulation and emulation responded to the changes in mean flow by adjusting rotation rate accordingly. They were not sensitive to high-frequency turbulence due to the turbine's inertia. Closer inspection of the speeds shows a slight delay in response from the emulator. It also appears to have responded to fewer higher frequency changes in the inflow, on the order of 0.5 sec. This is more apparent when the emulator and simulator responses are viewed in the frequency domain (Fig. 7) . A fast Fourier transform (FFT) of the input and resulting speed revealed that the emulator speed response contained less power between 1 Hz and 10 Hz than what would be expected from simulation. The emulator's response flattened out above 10 Hz, while the simulation continued to track the inflow fluctuations at these frequencies.
Real and reactive power delivered to the 400 V/50 Hz grid connection point from the grid-side drive was measured during the MPPT control mode test. The grid-side drive was programmed to deliver power at unity power factor so the reactive power was zero VAr, as expected. Real power to the grid fluctuated by more than 100% over the 50 sec. window (Fig. 8) . These large fluctuations are expected, due to the cubic relationship between the water flow rate, u, and the mechanical power available. Fluctuations of this proportion would be undesirable at larger power scales; though, multiple hydrokinetic devices, separated in space might have a smoother aggregate output [21] .
V. DISCUSSION
Different approaches to prime-mover control were investigated and included speed control and two variations of torque regulation. While DTC was available as a feature on the SSMTB drive, torque control for the Tecnalia and Conn machines required extremely accurate calibration to relate motor current and torque to achieve desired results. Even with calibration, slight perturbations in the torque on a machine caused deviation from the expected speed result. For the Tecnalia EEM operating in torque mode, the user had to specify a torque offset command for each individual test to track expected results. The closed-loop nature of the speed control subsequently implemented ensured the emulator speed response behaved as expected. Thus, for the Tecnalia and Conn EEMs, tuning the prime-mover drive PI gains regulating speed control to tightly follow speed command proved less challenging than characterizing the motor torque/current relationships.
Three different scaling methods for electromechanical emulation of turbines were described. It was shown that the method of scaling to achieve Re similarity results in a condition where Fig. 9 . Per-unit power output: field turbine and emulated turbine. Adapted from [22] .
the smaller scale turbine is expected to produce more power than the full-scale turbine. We conclude that Re scaling would thus be impractical to apply for evaluation of a scaled turbine on a PTO test rig. Scaling to maintain Fr similarity ensures the turbine is tested under similar flow conditions between scales. This method results in a scaled turbine with a different time constant and fundamentally different behavior under similar loading constraints. The time constant scaling method results in emulating a turbine that would behave as the full-scale version but with a lower power output due to lower torque. However, this method assumes the full and scaled turbines have the same characteristic curve, a constraint that may be difficult to achieve in the implementation of a physical prototype.
The presently reported work compared emulation results of the proposed reference turbine to ideal dynamic simulation of the same turbine. The methods of this paper were utilized to reproduce the results of a physical hydrokinetic turbine operating in a turbulent riverine flow under loading similar to (18) with the Conn EEM [22] . The field turbine was a cross-flow design similar to the reference model turbine analyzed in the present work, dissipating power through a variable resistive load bank as in (18) . The EEM was programmed to emulate the turbine with time-constant scaling of 50% to catch transient spikes in power and a virtual gearbox ratio of 20. Power measured from the field turbine was compared to power measured on the Conn EEM using the rated power and voltage of the field system as a base for per-unit scaling (Fig. 9) . Power output of the emulator matched output from the field turbine to within 3% at high power levels, but differed by up to 15% at lower power levels [22] . Uncertainty in the measured resistance of the field system load bank and inefficient emulator generator operation at the low end of its power range accounted for the difference at low power. General agreement at higher power (closer to the rated power of the machine) indicated the emulation technique was successful at replicating the field results [22] .
The implementation and testing of multiple PTO control strategies on an EEM was demonstrated. The Conn emulator appeared less sensitive to high-frequency turbulence during operation at the turbine maximum power-point under turbulent inflow than simulation predicted. This is likely due to a combination of the EEM's finite response time, feedback control, reaching the noise floor of the various sensors, or high-frequency sensor noise, all of which would be present in a full-scale system. This drop-off in tracking of turbulence at high frequencies may not have consequences for grid interactions, but the analysis is useful in determining how a real turbine might react to such turbulence. We believe this is a benefit of emulation over simulation. Additionally, the ability to evaluate aspects of power quality while exporting power to the grid is an important function the EEMs provide over simulation.
VI. CONCLUSIONS
In this work, methods for emulating a candidate hydrokinetic turbine and PTO using laboratory-based motor-generator sets were developed and demonstrated in hardware. Specifically, the US DOE RM2 hydrokinetic turbine was emulated on three different EEMs of different topography and power level with strong agreement seen between the devices and results from simulation of the dynamic response to a step change in input. In addition, several technical issues were addressed in the text and investigated experimentally including: controller implementation, scaling, and emulator performance in a realistic scenario. We conclude that if an appropriate mathematical model describing the turbine and emulator are used, different EEM rated power, size, and prime-mover control techniques may not affect the ability to achieve similar dynamic performance. We conclude that two scaling methods may be appropriate for laboratory PTO testing depending on the goals of the experimentation; Fr scaling results in the evaluation of the PTO of a turbine operating under similar conditions of a prototype turbine one might build, while time constant scaling results in testing with properties similar to full-scale but not necessarily conforming to the constraints of geometric and hydrodynamic similarity. We conclude that the ability to exercise different scaling methods for custom evaluation of PTO output is a useful feature of EEMs.
Finally, the implementation of PTO components and control hardware and software on industrial equipment at high power levels on an EEM closely parallels the same process undertaken for a field test of a prototype device. The ability to iterate and optimize this process confidently in the lab may be the greatest benefit of using EEMs in early stages of system development. 
